Mammalian genomes are viewed as functional organizations that orchestrate spatial and temporal gene regulation. CTCF, the most characterized insulator-binding protein, has been implicated as a key genome organizer. However, little is known about CTCF-associated higher-order chromatin structures at a global scale. Here we applied chromatin interaction analysis by pairedend tag (ChIA-PET) sequencing to elucidate the CTCF-chromatin interactome in pluripotent cells. From this analysis, we identified 1,480 cis-and 336 trans-interacting loci with high reproducibility and precision. Associating these chromatin interaction loci with their underlying epigenetic states, promoter activities, enhancer binding and nuclear lamina occupancy, we uncovered five distinct chromatin domains that suggest potential new models of CTCF function in chromatin organization and transcriptional control. Specifically, CTCF interactions demarcate chromatin-nuclear membrane attachments and influence proper gene expression through extensive cross-talk between promoters and regulatory elements. This highly complex nuclear organization offers insights toward the unifying principles that govern genome plasticity and function.
Eukaryotic genomes are organized into functional architectures 1 . These higher-order genome structures and their associated subnuclear compartments are increasingly recognized as the key components contributing to many aspects of nuclear activities, including DNA transcription 2, 3 . Among the different types of structures, long-range chromatin interaction is the most distinguishable feature 4 . Its spatial distribution and temporal regulation are crucial for cell identity and cell fate decision 5 . Therefore, the elucidation of the three-dimensional chromatin interactome is essential for understanding genome organization in lineage specification and transcription regulation [6] [7] [8] [9] .
Among all the epigenetic modulations, insulator-mediated chromatin remodeling, enhancer occupancy and subnuclear chromatin localization are known to affect genome configuration 10 . CTCF, one of the most extensively studied insulator-binding proteins in vertebrates 11, 12 , is known to demarcate boundaries between euchromatin and heterochromatin 13 . Several models, including the enhancer blocking 14 and domain barrier 13 models, have been proposed for CTCF-mediated insulation. In the enhancer blocking model, CTCF can block the communication between adjacent regulatory elements such as enhancers and gene promoters. In the domain barrier model, CTCF binding is proposed to function as a buffer from the effects caused by the adjacent chromatin domains. To address its function as an insulatorbinding protein, CTCF binding profiles have been determined from the genomes of several different cell types and across species [15] [16] [17] .
Given the largely invariant patterns of these profiles and the associated genes, it is still not clear how CTCF functions to influence the threedimensional structures and global genome activities of chromatin.
Although the genome-wide role of CTCF is not understood, its function in mediating chromatin interactions has been extensively studied in several selected gene regions, particularly the imprinting loci 18, 19 . In the best characterized locus, H19-Igf2, CTCF binding on H19 imprinting control regions (ICRs) can result in the expression of paternal insulin-like growth factor 2 (Igf2) and maternal H19 through physical chromatin interactions with the differentially methylated regions (DMR) upstream of the Igf2 promoter 20, 21 . CTCF is also implicated in subnuclear localization 22 and mediating inactive X specific transcripts (Xist) interactions during X chromosome inactivation (XCI) 23 . Beyond these well-characterized interactions, additional CTCF-dependent inter-and intrachromosomal interactions were identified from these imprinting regions using circular chromosome conformation capture (4C) 24, 25 . Given the available information, CTCF has been proposed as one of the leading candidates as a global genome organizer to coordinate higher-order chromatin structures and regulate gene expression 12 . Despite this apparent role, CTCFassociated chromatin interactions have been studied at few loci. Little is known about the CTCF-associated chromatin organization and its effect on the epigenetic states and transcriptional activities at a global scheme.
CTCF-mediated functional chromatin interactome in pluripotent cells
A r t i c l e s Here we present the first global and high-resolution CTCF-associated chromatin interactome map in mouse embryonic stem (ES) cells. Representing a primary state of genome architecture and epigenetic conformation, the pluripotent nature of the ES cell lies in its unique genome plasticity and distinctive transcription program 26 . Our results suggest that CTCF configures the genome into distinct chromatin domains and subnuclear compartments that exhibit unique epigenetic states and diverse transcriptional activities. Following interrogation using whole-genome p300 enhancer binding, RNA polymerase II (RNAPII) activity and nuclear lamin occupancy, this interactome map offers unprecedented information content and resolution on the threedimensional genome structure of ES cells. Contrary to the enhancer blocking model, CTCF-associated interactions potentially promote communications between functional regulatory elements to regulate gene expression. Our data also indicate that CTCF loops can feature as domain barriers by demarcating nuclear lamin-chromatin interactions and delineating the chromosomes' subnuclear localizations. This chromatin organization map in a genome-wide context can extend our knowledge of insulator-directed transcriptional regulation and serve as a framework to reveal mechanisms that are crucial for genome plasticity in pluripotency and development.
RESULTS

CTCF-mediated chromatin interactome revealed by ChIA-PET analysis
To gain insight into CTCF-associated global chromatin organization, we performed ChIA-PET analysis 6 . Here, juxtaposed interacting chromatins that have been brought together in close spatial proximity by CTCF in vivo are enriched by chromatin immunoprecipitation (ChIP) and connected through DNA linkers, followed by pairedend tag (PET) extraction and sequencing ( Supplementary Fig. 1a) . A ChIA-PET analysis generates two types of genome-wide data sets: the binding sites, which are defined by ChIP enrichment; and the interactions between two binding loci, which are revealed by proximity ligation events (Supplementary Note). Tags from each side of the PETs that are mapped onto the same chromosome within 10 kb of each other are considered to be self-ligating PETs and are used to define CTCF binding sites. PETs with two ends mapped to different chromosomes (interchromosomally interacting PETs) or to the same chromosomes but spanning more than 10 kb (intrachromosomally interacting PETs) are candidates to define long-range chromatin interaction loci 27 . These PETs are further clustered on the basis of the overlapping anchor regions, and a random distribution model is applied to determine the significance of the interactions 27 . CTCF binding sites and interaction data with a false discovery rate (FDR) of ≤0.05 are subjected to further analysis.
We used two CTCF chromatin preparations to construct independent biological (BR1 and BR2) and technical (TR1 and TR2) replicates ( Supplementary Table 1 ). We found high reproducibility between TR1 and TR2 (Supplementary Note), indicating that these libraries are of good quality and the current sequencing depth has reached near saturation in exploring the existing library's complexity. The overlap between BR1 and BR2 is only 38%; this suggests that the diversity is large and the interactions captured here represent only a subset of the complex CTCF-associated chromatin interactome (Supplementary Note). To achieve higher coverage, we pooled all PET sequences from different replicates. From a total of 44.7 million unique PET sequences, we mapped 18.8 million PETs (42%) to unique locations on the mm8 genome, which defined 39,371 CTCF binding sites ( Supplementary Table 2 ) and 5,384 inter-ligation PET clusters ( Supplementary Table 3a ,b).
To verify the fidelity of these 39,371 CTCF binding sites identified by the ChIA-PET approach, we compared them with CTCF binding sites determined by an independent ChIP-Seq analysis. From near-saturated sampling of ~30 million individual ChIP fragments by ChIP-Seq, we identified 68,292 CTCF binding sites (FDR < 0.05). More than 98% (38,700 of 39,371) of the CTCF binding peaks defined by ChIA-PET overlap with those identified by ChIP-Seq. The peak intensities between these common sites show a high degree of correlation (Pearson correlation of 0.79), and ChIP-qPCR on selective sites also confirmed that they are bona fide binding sites ( Supplementary  Fig. 1b,c) . Therefore, the ChIA-PET mapping and processing methods seem to be accurate and robust.
We next investigated the interaction PET clusters derived from the 10.1 million uniquely mapped inter-ligating PETs. On the basis of occurrence frequency (multiple overlapping clusters; FDR ≤ 0.05), the presence of CTCF binding sites and absence of homologous sequences between anchor regions, we defined 1,816 highconfidence interactions, including 1,480 intrachromosomal and 336 interchromosomal interactions. In total, 3,306 CTCF binding sites are involved in these chromatin interactions. When compared with the binding sites that do not anchor the interactions, these 3,306 sites do not have any obviously different genomic features such as the consensus CTCF binding motif or histone modification signals. However, they do show higher binding intensities (P < 10E-308, Kolmogorov-Smirnov test; Supplementary Fig. 1d,e ).
We then used these 1,816 CTCF-mediated interactions for subsequent analysis on their associated genes, chromatin environments and transcriptional activities ( Fig. 1a) . A detailed view of interactions detected on chromosomes 13-15 and cis interactions on chromosome 10 are shown in Figure 1b and 1c, respectively. From this chromatin interactome map, we observed many complex CTCF interaction patterns, for example, loops sequestering multiple genes (such as the cytochrome P450 family 2 (Cyp2) and clusters of Keratin genes) or connecting multiple promoters (such as the protocadherin Pcdha, Pcdhb and Pcdhg loci). We also specifically examined the well-characterized Igf2-H19 region. Our data confirm the previously known Igf2 DMR-H19 ICR interaction locus (chr7:142,348,445-142,493,110) 20 and identified putative new inter-and intrachromosomal interactions associated with binding of CTCF in this locus ( Table 1) .
To validate the intra-and interchromosomal interactions, we applied the 4C-based molecular method 25, 28 and a fluorescent in situ hybridization (FISH) cytogenetic assay, respectively. We selected the Cyp2b10 region (chr7: 25,625,755-25,626,491) and the Pcdhga12 promoter region (chr18: 37,890,974-37,892,946) as anchors for 4C validations ( Supplementary Table 4a ). In the Cyp2 locus, we identified two intrachromosomal interactions using ChIA-PET, and both were confirmed by 4C ( Fig. 2a) . Apart from these two confirmed sites, 4C also discovered two additional intrachromosomal interactions. In the Pcdhg locus, we identified five intrachromosomal interactions and confirmed two of them by 4C ( Supplementary Fig. 2a ). Using FISH, we systematically validated 14 and confirmed 9 interchromosomal interactions ( Supplementary Fig. 2b-d) . Seven of the nine confirmed interactions have CTCF binding sites at both anchors, whereas two contain CTCF binding sites at only one of the anchors.
An example of specific co-localization between two alleles on chromosome 13 (chr13:13,658,687-13,660,696) and chromosome 15 (chr15:74,912,106-74,914,727) is shown in Figure 2b . Their colocalization frequency was twofold higher than that from the random negative control loci (14.61% versus 7.49%, P < 1.28 × 10 -5 ). To determine whether CTCF is directly involved in tethering these chromatin loops, we used small interfering RNA (siRNA) to knock down 6 3 2 VOLUME 43 | NUMBER 7 | JULY 2011 Nature GeNetics A r t i c l e s CTCF expression in the ES and measured the co-localization frequencies of interacting loci using FISH and 3C 6 ( Fig. 2c,d and Supplementary Fig. 2e,f) . In the CTCF knockdown cells, the interaction frequencies of all four inter-and one intrachromosomal interactions examined were reduced to the background control level ( Supplementary Table 4b ,c). To further verify that this reduction of interaction frequency was not influenced by the viability of CTCF knockdown cells, we performed fluorescence-activated cell sorting (FACS) assays and confirmed that these cells were viable, detecting no substantial level of apoptosis or cell cycle arrest in knockdown cells when compared to the control and untreated cells (data not shown). Taken together, these results suggest that most of the interactions detected by ChIA-PET are genuine and reliable, and CTCF binding is required in the formation of these loops. Collectively, we identified 1,480 intra-and 336 interchromosomal interactions. Most of the interactions, and particularly the strong interactions, are the intrachromosomal interactions; we also validated a substantial number of interchromosomal interactions. This extensive cross-talk between chromosomes prompted us to explore chromosomal spatial organization. Using the normalized interchromosomal interaction frequencies as the measurements of relative vicinity, we detected spatial chromosomal proximities between chr15-16-18, chr6-9, chr2-7 and chr1-19 ( Supplementary Fig. 3a ). Hierarchical clustering shows chromosomes are distributed among three major subclusters ( Supplementary Fig. 3b ). We confirmed the specificity of these high-affinity clusters through their high reproducibility among two biological replicates ( Supplementary Fig. 3c , r = 0.736, P <6 × 10 -34 ).
CTCF interactions correlate with distinct chromatin domains
To further delineate the nature of CTCF-defined chromatin loops, we analyzed histone modification signatures in the intrachromosomal interaction loops. We examined seven histone H3 modifications (H3K4me1, me2, me3, K36me3, K27me3, K9me3 and K20me3); data (see URLs for the data source) that represent different types of chromatin activities from mouse ES cells in the loops and compared their signal intensities with those from immediately outside the loops (to the left and to the right, respectively) ( Fig. 3a) . When we compared the cumulated normalized intensities from all CTCF loops with the intensity profiles determined from control simulated loops constructed from randomly paired CTCF binding sites, CTCF interactions showed unique enrichment patterns of H3K4me1 and H3K27me3 within the loops and at the boundaries, respectively, as well as a pattern of depletion of H3K36me3 ( Fig. 3b-d) . These observations suggest that CTCF interactions harbor specific chromatin domains.
To further elucidate the chromatin states associated with each individual CTCF interaction, we applied a non-supervised clustering algorithm, and we clustered loops that showed similar combinatory histone modification patterns relative to their neighboring regions ( Fig. 4a ). Using this strategy, we uncovered five distinct patterns. Category I loops account for 12% of the CTCF-defined chromatin loop and feature chromatin signatures of active characteristics (that is, active marks H3K4me1, H3K4me2 and H3K36me3 are enriched inside the loops, whereas the repressive H3K9, H3K20 and H3K27 methylation marks are depleted). Category II loops (11%) demarcate repressive domains with extensive H3K9, H3K20 and H3K27 methylation, but active chromatin marks are underrepresented. Category III loops (19%) are hubs for enhancer and promoter activities, with an enrichment of H3K4me1 and H3K4me2 signals in the loop regions and H3K4me3 peaking at the boundaries of the loops, whereas the active transcription mark H3K36me3 and repressive H3K27me3 mark are observed only outside the loops on opposite sides. Category IV loops, the most abundant type (31%), show opposite chromatin states flanking the boundaries of chromatin loops, but do not exhibit any specific pattern in the loops. Specifically, active H3K4 methylation marks are observed on one side and repressive H3K9, H3K20 and H3K27 methylation marks are observed on the other. These loops are likely to act as domain barriers to physically separate active and repressive chromatin domains. The remaining 27% of the loops Figure 1 Genome-wide CTCF-mediated chromatin interactome. (a) Circos map of the whole-genome CTCF chromatin interactome, associated genes, p300 and lamin B occupancies from chromosome 1 to chromosome X, generated using the Circos software package (see URLs). Interchromosomal interactions are drawn in the innermost ring, followed by the gene density track (dark green). The CTCF track (black) shows the peak signals of CTCF, followed by the intrachromosomal interactions. The lamin B track (dark gray) represents the peak signals of lamin B. The p300 track (red) shows the fold change between the sample and the control. A r t i c l e s (category V) do not show any specific chromatin patterns based on the seven histone signatures surveyed here. Supplementary Table 5 lists the category assigned for each interaction loop.
To correlate such unique histone patterns with genomic feature such as loop span, we sorted the CTCF loops into ascending order on the basis of their spans, determined the average cumulated intensities of each histone mark and smoothed using a sliding window of 100 interactions, respectively. A clear transition of histone modification patterns is observed at loop size ~200 kb (Fig. 4b) . This correlation between enrichment pattern and span size occurred uniquely in CTCF-associated loops and not in the random simulated control loops (P < 5 × 10 -5 ) or loops associated with other transcription factors such as SALL4 and RNAPII (Supplementary Fig. 4a ). We observed 994 CTCF loops with span <200 kb that were mostly showed an overrepresentation of active chromatin features (H3K4 methylations), whereas loops with span >200 kb clearly showed repressive domains characteristics, as indicated by extensive H3K9, H3K20 and H3K27 methylations. In particular, the distributions of H3K4, H3K36, H3K9 and H3K20 methylations across variable span sizes are clearly distinct in the CTCF-associated loops (P = 1 × 10 -3 to P = 1 × 10 -5 ; Supplementary  Fig. 4b ). Among them, H3K4me1 signals in the active CTCF loops are moderately reduced in CTCF knockdown cells (P < 0.005; Supplementary Fig. 5 ). Taken together, these data revealed the specificity of the CTCF loop in defining the chromatin domains.
Transcription status associated with CTCF chromatin interactions
We measured the effect of distinct CTCF-associated chromatin domains on transcriptional control through the promoter activities from genes in each category of loops by RNAPII binding signals. We performed a genome-wide RNAPII binding profiling using ChIP-Seq and identified 35,853 RNAPII-occupied regions in ES cells ( Supplementary Table 6a ). As expected, RNAPII signals were substantially enriched in the loop regions in category I loops (active chromatin hubs) and depleted in the repressive chromatin hub loops. RNAPII signals were packed around the boundaries of the predicted enhancer loops (category III). In category IV, RNAPII signals were found mainly from the active chromatin domain side of the loop regions ( Supplementary Fig. 6 ). Figure 4c shows the proposed models for each category. Examples of individual loops, their corresponding histone modification profiles and associated genes are shown in Supplementary Figure 7 .
Our results demonstrate that the CTCF-associated chromatin interactome defines distinct chomatin domains with unique epigenetic states. Moreover, these CTCF-associated long-range interactions could be involved in regulating RNAPII activities in the corresponding domains, and could therefore affect gene expression.
Enhancer p300 targeting and nuclear lamin B anchoring
The key tissue-specific enhancer binding protein p300 can direct active transcription across long distances from its corresponding promoters 29 . Nuclear lamina, a fibrous protein network underlying the inner nuclear membrane, is known to interact with CTCF to tether chromatin regions into the subnuclear periphery for gene silencing 22 . Given their apparent roles in modulating transcription and chromatin structure [29] [30] [31] as well as known connections with CTCF, we characterized the genomic distributions of p300 and nuclear lamin in relation to the CTCF-defined chromatin interactome. Genome-wide p300 and lamin B occupancies in ES cells were defined by ChIP-Seq. We discovered a total of 5,033 p300 binding sites and 1,344 lamin B-associated domains (LADs) ( Supplementary  Table 6b ,c) and confirmed them by ChIP-qPCR ( Supplementary  Fig. 8a,b and Supplementary Table 7) . We found that p300 peaks associate with the genome in the gene-rich regions but are underrepresented in proximal promoters (Supplementary Fig. 8c ). Further analysis showed a high cooccurrence of p300 with open chromatin, enhancer signals H3K4me1 and H3K4me2, and loci targeted by cell-specific multiple-transcription binding-loci (MTL) 32 
A r t i c l e s
Oct4-Sox2-Nanog ( Supplementary Fig. 8d,e ). When p300 binding is surveyed in the context of different CTCF chromatin domains, p300 binding is found to specifically target regions in the loops harnessing active and enhancer marks. The binding densities of p300 are 4.5-fold and 2.5-fold higher than average in the active (category I) and enhancer (category III) domains, respectively (P = 1.95 × 10 -36 ; Supplementary  Fig. 8f ). Furthermore, many of the p300-containing CTCF-mediated chromatin loops may be involved in connecting p300 with promoters over long distances. For example, the promoter of Pofut2, a gene highly expressed in ES cells, is connected with p300 located 124 kb away (chr10:76,573,384-76,575,577), potentially by a CTCF enhancer loop (Fig. 5a) . Similarly, the promoter of Zbtb2, a gene that is active in ES cells (chr10:5,958,433-5,979,467), could potentially contacts p300 bound 23 kb downstream of the TSS through a CTCF-associated interaction. This finding prompted us to study global p300-promoter associations through CTCF interactions. Using genome-wide p300 binding sites and their distances to the nearest promoters defined by CTCF chromatin interactions, we found that 28% of the genes whose promoters are distal but brought into close contact (<10 kb) with p300 through CTCF-mediated looping are upregulated in ES cells compared with neuronal stem cells. This level of upregulation is similar to the 32% upregulation of genes whose promoters are located in proximity (<10 kb) to p300 binding sites, and is significantly higher than the 14% upregulation of genes whose promoters are located distally (both linear and interactomic >10 kb) from p300 binding (Fig. 5b) .
To further determine whether CTCF-associated loops directly regulate the expressions of these genes, we downregulated CTCF expression using siRNA, and then examined the effect on expression of five genes as well as RNAPII binding using quantitative RT-PCR and ChIP-Seq. Among the five genes examined, four show decreased expression ( Fig. 5c) , and the RNAPII binding profiles around the detected interaction loci also showed reduced intensities ( Supplementary Fig. 9 ). Thus, CTCF-associated DNA looping can facilitate communication between regulatory elements, such as A r t i c l e s enhancers and promoters, and influence transcription, as previously suggested 33 . These interaction events can reinforce the effect of distal regulatory elements specifically on their corresponding promoters through organizing proper chromatin configuration.
The 1,344 LADs are wide and discrete. Their spans vary from 10 kb to 2 Mb and, in total, occupy 283 Mb (~11%) of the mouse ES cell genome. Their patterns are highly similar to the LADs defined by the DamID method 34 (Fig. 6a and Supplementary Fig. 10a) , and 250 Mb of the 283 Mb (88%) of LADs identified here overlap with the regions determined by DamID. This suggests that the ChIP-based sequencing method should be feasible for genome-wide lamin study. We found that CTCF looping signals were depleted in LADs, and were located close to the borders ( Fig. 6a and Supplementary Fig. 10b ). To verify their relative position in demarcating the LADs, we profiled CTCF loop occupancy along LADs and up to 1 Mb outside the LAD borders (Fig. 6b) , and found that loop density peaked around the borders or in the subtelomeric regions (Supplementary Fig. 10c) .
The patterns of LADs and p300 binding in relation to different loops are mostly non-overlapping (P = 1 × 10 -20 ). Most of the LADs seem to be associated with low transcriptional activity and gene content, but enriched with repeats ( Supplementary Fig. 10d,e ). Expression of these LAD-associated genes is on average around 10-fold to 20-fold lower than expression of genes outside the LADs (Fig. 6c) . CTCF loops tend to be located proximally to the boundaries of LADs. Therefore, LAD-containing CTCF loops may act as insulators by establishing boundary structures. Such structures can restrict the spreading of the silenced nature of the LADs into the neighboring regions, or vice versa. Because of the effect of LADs on gene repression, the genes in LADs in ES cells could be, at least partially, variable and preferentially upregulated in other cell types. As shown in 76,650,000 76,700,000 700 350 0 Figure 5 Promoter-p300 communications facilitated by CTCF-associated chromatin interactions. (a) A cis-interaction cluster (chr10:76,552,662-76,718,442; shown in connecting purple lines) between CTCF binding sites (red peaks) connects the promoter of Pofut2 (blue gene track) with its p300 enhancer binding site (green) located 124 kb 5′. Above, RNAseq signal (dark red) detected for Pofut2 expression is shown as the track. (b) Percentage of genes upregulated in ES cells compared to NS cells from genes whose promoters and nearest p300 binding distances are less than 10 kb (1), genes whose promoters and nearest p300 are brought in close proximity by CTCF interactions to less than 10 kb (2) and genes whose promoters with distal p300 binding are more than 10 kb apart (3) . Expression data for the ES cells and NS cells were derived from microarray experiments 46 . (c) Expression of genes whose promoters are connected to a p300 enhancer by CTCF-associated loops. Gene expression was assessed by real-time PCR from the CTCF knockdown (CTCF KD) and control cells. The western blot shows the CTCF protein level in CTCF KD cells compared to control cells. Expression levels were normalized against that of the housekeeping gene Gapdh and calculated from two independent qPCR reactions of two independent siRNA experiments (total 2 × 2 qPCR). Expression of genes in CTCF knockdown cells was then normalized against that of genes in the control cells ( = 1). P value calculated by t-test is indicated. ***P ≤ 9.54 × 10 −5 ; **P ≤ 5.01 × 10 -3 ; *P ≤ 1.26 × 10 -2 .
Percentage of genes
Position to ES-lamin region A r t i c l e s Figure 6d , 64% of LAD-associated genes are upregulated at least twofold in neuronal stem (NS) cells, suggesting that some portion of the chromatin may alter its association with nuclear lamina in different cell types, consistent with previous finding 34 .
DISCUSSION
In this study, we present for the first time a genome-wide CTCFmediated chromatin interactome map and its configured chromatin domains. Our data imply that CTCF can function as a genome organizer through several modes: creating local chromatin hubs and harnessing clusters of genes with coordinated expression, facilitating communication between regulatory elements and their corresponding promoters, and demarcating boundaries between chromatin and subnuclear compartments such as nuclear lamina as domain anchors or barriers. As a result, the spatial distribution of these interactions and their interplay with key epigenetic components delineate broad genome properties and specify unique transcriptional programs (Supplementary Fig. 11 ). Systematic interrogations of CTCF-associated loops with histone modifications, RNAPII occupancy, enhancer p300 binding and nuclear lamina association define five categories of chromatin domains with unique epigenetic states. These diverse types of chromatin interactions offer attractive models for how CTCF coordinates gene regulation. Specifically, we have uncovered many of the CTCF interactions that direct multiple promoter-promoter and promoter-enhancer communications. Enhancers are known to activate transcription in a distance-and direction-independent manner 35 . Therefore, mechanisms must be in place to ensure their specificity and avoid promiscuity. Our findings suggest a potential new function of CTCF in promotor-enhanceosome interaction that is different from the previously proposed enhancer blocking model. Such an 'enhancer bridging' activity could potentially engage CTCF in generating cell-specific chromatin interactions and guide gene expression programs.
In some selective loci, CTCF-directed chromatin contacts are found to occur before gene activation and are not disrupted by inhibition of RNAPII activity 36 . Therefore, it is likely that this affect on transcription could be the outcome of the CTCF-mediated higherordered structure. As such, regulation of CTCF function could be established through the formation of CTCF loop structures. Compared with regulation at the level of primary binding, this mode of regulation offers better versatility. Extending from this concept, factors such as the genome context and cofactor recruitment in the CTCF anchoring regions could potentially manipulate the formation or stability of these long-range interactions. Recent efforts in searching the CTCF-interacting partners have identified proteins functioning in nuclear architecture and transcription, including RNAPII 37 , lamins, nucleolar protein NPM 22 , Yy1 (ref. 38 ) and cohesin 39 . Furthermore, special nucleosome distributions are found to array near the chromatin linker of CTCF binding 40 . Specifically, cohesin was found to be required for CTCF-mediated intrachromosomal contacts around the interferon-γ locus 41 , and genome-wide studies in different cell lines have shown that 80% of cohesin binding sites co-localize with CTCF binding sites 42, 43 . Furthermore, mediator and cohesin were shown recently to exhibit similar enhancer-promoter bridging activity 44 to that shown here for CTCF. It is conceivable that cohesin and mediator, together with CTCF, have key roles in the formation of these loops and function as an integral part of the transcription apparatus to influence cell-specific chromatin structures and transcriptions. The potential associations between CTCF and its partner proteins and their consequences on dynamic chromatin structures and gene expression will be exciting areas to explore.
As expected given CTCF's role as a key genome organizer, CTCF binding was found to be involved in both intra-and interchromosomal interactions 24, 45 . It is anticipated that the interactions identified in this study represent only a snapshot of a large and complex CTCFassociated interactome, and we are likely to be far from ascertaining the comprehensive interaction events. With the continuous improvement of the robustness of the ChIA-PET approach and advances in the throughput, accuracy and coverage of the sequencing technologies, it is likely that many more dynamic and transient interactions will be captured to reveal the truly comprehensive and high-resolution nature of the CTCF-associated three-dimensional genome structures.
Collectively, our results reveal the CTCF-mediated genome organization, its imperative features and correlation with gene expression. The unique chromatin domains found here offer testable hypotheses to examine the molecular mechanisms by which CTCF directs its various insulating activities. Furthermore, regulation of the looping events by controlling CTCF's interactions with chromatin and other auxiliary partners will be important for the establishment of gene expression cascades throughout development. With this knowledge, we can start to dissect the unifying principles that govern the dynamics of these high-order chromatin architectures, and identify means to manipulate them in the future.
URLs. Data used in the study, http://genome.ucsc.edu/cgi-bin/hg TrackUi?hgsid=198601849&g=broadChromatinChIPSeq; Circos, http://mkweb.bcgsc.ca/circos/; Cluster 3.0, http://bonsai.hgc.jp/~ mdehoon/software/cluster/software.htm.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/. Accession codes. NCBI GEO: Raw sequences and processed data of ChIP-Seq (CTCF, RNAP II, p300 and lamin B) and ChIA-PET (CTCF) generated from this study can be downloaded with accession number GSE28247. We used K4me3, K27me3, K36me3, K9me3, K20me3 modification data from GSE12241 and K4me1, K4me2 modification data from GSE11172.
ONLINE METHODS
Cell culture, small interfering RNA and expression analysis. Mouse ES cells E14 were maintained as described 32 . CTCF or control siRNA (Dharmacon) was transfected using DharmaFect2 as described 48 , and according to the DharmaFect protocol. The cells were harvested 48 h after the third transfection to generate CTCF knockdown and control cells. For gene expression analysis, RNA was isolated using TRIZOL reagent (Invitrogen) and the RNeasy mini kit (Qiagen). cDNA was then generated using SuperScript III reverse transcriptase (Invitrogen) and used for qPCR (Roche).
Chromatin interaction analysis by paired-end tag sequencing. CTCF ChIA-PET libraries were constructed as described 6 (Supplementary Fig. 1a) . PET sequences were processed with the ChIA-PET Tool 27 , subject to an additional rescue procedure in the tag-mapping step. For multiple mapped tags, if only one of the mapping locations was within 1 kb from a CTCF binding site, this location was then uniquely assigned to this tag and the PET used for further analysis.
ChIP-Seq. ChIP-Seq was performed as described 31, 32, 46 using known antibodies against p300 (Santa Cruz sc-585), CTCF (Upstate, 07-729), lamin B (Santa Cruz, sc-6216) and RNAPII (8WG16 clone, Covance, MMS-126R), respectively. Sequence data were analyzed using the peak finding algorithm CCAT 49 . The p300 sites and CTCF sites were identified with an FDR cut-off of 0.2 and 0.05, respectively. The lamin B regions were identified with an FDR cut-off of 0.2.
Modified circular chromosome conformation capture. 4C was performed as described 25 . We purified 400-600-bp PCR products from the gel and sequenced by GSFLX. For each 4C library, we generated 20-30K raw sequences. Sequences were aligned with both primer sequences and the aligned parts were trimmed from the reads. The post-trimmed unique reads longer than 25 bp were mapped to the mouse genome mm8 with BLAT 50 , and the ones with the best unique mapping loci were used to define the interaction. The interactions were clustered, and those with cluster size ≥2 were selected.
Chromosome conformation capture-qPCR. 3C-qPCR was done as described 6, 51 . A region in an independent Ercc3 locus on chromosome 18 was selected as an internal control. The 3C preparation was repeated in two to four replicates. Around 30 ng of DNA was used for qPCR (two to four times, each with duplicates).
Fluorescence in situ hybridization. FISH in ES cells was done as described 6 . Co-localization is defined as when the distance between two signals (center to center) is less than the average of the diameters of both signals (1.12 µm). The percentage of co-localization between two potentially interacting anchors (experimental probe) was compared with that between one anchor and the negative control region on chromosome 16. A two-tailed P value was calculated using Fisher's exact test. An interaction was confirmed if P < 0.05 and the co-localization ratio was more than 1.5-fold. Tables 8 and 9 . All the linkers, primers and siRNA sequences used for validation experiments using RNAP II are listed in Supplementary Table 10 .
Primers, linkers and interactions. RNAPII and SALL4 interactions used for comparison of the histone modification profiles are listed in Supplementary
Clustering of CTCF-associated intrachromosomal interactions through histone signature profiles. To discover the histone modification patterns of CTCF loops, we performed k-means clustering for the 1,295 CTCF loops in four steps:
(1) Measurement of histone modification intensity. To measure the intensities of different histone modifications in or proximal to CTCF loops, we adopted the publicly available seven histone modification data sets (H3K4me1, H3K4me2, H3K4me3, H3K36me3, H3K27me3, H3K9me3 and H3K20me3) derived from ES cells 46, 52 . Given a CTCF loop with the length l, we extended l base pairs to its left and right. The extended region with the total length 3l was partitioned into 30 bins (Fig. 3a) . For each bin, the reads from each of the histone modification data sets were counted, denoted c i j k ijk ( ,..., ; ,..., ; ,..., ). = = = 1 1295 1 7 1 30 The read counts were log-transformed such that x c ijk ijk = + log( ) 1 where a pseudo-count of 1 was added to the read count to handle the situation of c ijk = 0 . As such, each of the seven histone modification intensities was determined in these 30 bins and a matrix was generated.
(2) Normalization of histone modification intensity. The intensity computed from read counts depends on the loop length, the sequencing depth, and the intrinsic ChIP-Seq bias due to copy number variation, read mapability and chromatin structures 53 . Therefore, we further normalized the log-transformed intensity in two steps: (3) Generating empirical negative controls of CTCF loops. We generated empirical negative controls from pairs of CTCF binding sites with no interactions. For a fair comparison, the control pairs were chosen to follow the same multivariate distribution as the identified loops in the three-dimensional space by, first, the genomic distance between two binding sites, and second, the binding intensities of both binding sites represented by read counts in the ChIP-Seq library. We took three steps to generate the negative control set:
(i) Random pairs of CTCF ChIP-Seq binding sites with genomic distance <1 Mb were selected. Among them, pairs with at least one ChIA-PET linking the two binding sites were filtered out. This resulted in a large control set with 2.12M pairs.
(ii) The large control set was randomly divided into ten subsets, each with 212K pairs of binding sites. The ten subsets were denoted S S S 1 2 10 , ,..., . (iii) The 1,295 identified loops were projected to the three-dimensional space. For each loop, we selected the nearest control pair in one of the subsets in the three-dimensional space based on the Mahalanobis distance. This step was repeated for all S i i ( , ,..., ) = 1 2 10 . As a result, ten subsets of negative controls, each with 1,295 pairs of binding sites, were selected.
The ten subsets of negative controls were processed as described in (1). s.d. was computed based on the ten subsets for each bin.
(4) Clustering of CTCF loops based on histone modification patterns. For each CTCF loop, 7 × 30 features were extracted based on the histone modification intensity measure z ijk . k-means clustering was carried out using the software Cluster 3.0 (see URLs). As a result, seven clusters were generated. Among them, the third and fourth clusters were symmetrical around the center of the loops, and the same for the fifth and sixth clusters. We further grouped the symmetrical clusters into five categories.
Defining RNAPII binding signal distributions along the CTCF loop regions.
RNAPII ChIP-Seq signals were determined for each CTCF loop, and their proximal regions as described in (1) above. The log-transformed intensities of RNAPII were further normalized using the methods in (2) . For each category of CTCF loops defined based on histone modification signatures, we computed the overall RNAPII profile using the method in (2) .
